We study the dynamics of a polymer, described as a variant of a Rouse chain, driven by an active extremal monomer. The local active force induces a transition from a globule-like to an elongated state, as revealed by the study of the end-to-end distance. Structural deformations in the polymer are produced, in particular, a gradient of over-stretched bonds along the chain are observed. After determining the transport properties of the potential-free local active polymer, we employ a mechanism based on local activities to model the effect of a molecular motor releasing energy through ATP-hydrolysis and inducing the translocation of a polymer in a narrow pore. We reproduce qualitatively the step-wise transport behavior found in several experiments that employ ClpXP proteases to unfold and translocate peptides and proteins. arXiv:1911.06688v1 [cond-mat.stat-mech] 
I. INTRODUCTION
Active matter encloses a large class of physical and biological entities ranging from microscopic to macroscopic length scales. Active systems usually convert fuel energy from the environment into directed motion using chemical reactions [1] or propelling in a fluid through flagella, cilia or more complex mechanisms [2] . Although numerous studies have focused on spherical rigid or rod-like microswimmers, most biological entities, such as cells, living tissues and filaments are not only stretched but often undergo shape deformations. In particular, the cell cytoskeleton is plenty of active filaments such as actins and microtubles [3, 4] . Recently, microtubules have been studied in vitro and transported along a glass substrate by ATP fueled motor proteins [5] . Out of the biological realm, it is even possible to realize synthetic active colloidal polymers [6] , such as chains of colloids uniformly coated with catalytic particles [7] becoming active when immersed in a solution of H 2 O 2 . The "activation" of Janus particles can be even controlled by external fields, and, in particular, tuning the frequencies of an AC electric field the spontaneous formation of chains of particles has been experimentally observed [8] [9] [10] .
The study of active or activated flexible and semiflexible polymers has received much attention in the last years, for both biological interest and possible applications towards the design of new materials with peculiar properties. Several authors via computer simulations addressed not only the "activation" of polymers [11] [12] [13] but also studied the behavior of polymer chains immersed into an active bath [14] [15] [16] [17] [18] . Usually, the activation is modeled by imposing a self-propulsion force tangential to the filament [19] [20] [21] [22] [23] , while the common approach for the effect of an active bath amounts to considering the monomer undergoing to independent active forces [12, 13, 16, 24] . In any case, the interplay between active forces and elongated flexible structures gives rise to a rich phenomenology also including collec-tive behaviors [25] [26] [27] [28] [29] [30] [31] . For instance, a freely moving active filament takes on peculiar dynamical conformations performing: rotational, straight translational [32, 33] , snake-like [20, 21] and even helical motion [34] . In addition, in the limit of large active forces, both semi-flexible and flexible polymers swell [12, 13] while clamped filaments show beating and rotational motion under tangential forces [22, 35] . In some cases, for very strong active forces compactification and shrinkage occur [36, 37] , and at high densities swirls and spirals are induced by the increase of the active force [30] .
Some authors also considered polymers with a catalytic terminal (head) [38, 39] , where the chemical reactions occurring at the head produce a local self-propulsion which increases the effective diffusivity of the chain. Motivated by these works, we study the activation of the terminal monomer of a polymer, modeling the self-propulsion in the framework of non-equilibrium stochastic processes. In particular, we adopt a well-established model, known as Active Ornstein-Uhlenbeck (AOUP) model [40] [41] [42] [43] [44] to describe the self-propulsion at a coarse-grained level, neglecting the microscopic details of the active force. At first, we describe the behavior of the polymer in the absence of any confinement or external potential to unveil how a local active force affects its conformations. This preliminary study is useful for the second part of the work, where we introduce an effective model based on local self-propulsion to describe the translocation of a polymer chain in a pore, powered by a molecular motor. As an experimental paradigm, we refer to the ATP-dependent protease ClpXP [45] [46] [47] , which contains an AAA+ machine responsible for the translocation and denaturation of several peptides and proteins in living organisms. Such a molecular motor, pulls the protein, after recognized it, inducing a step-wise translocation within the pore, which cannot be reproduced by a constant force. Indeed, this motor harnesses the ATP-hydrolysis, which is a cyclical source of active motion [48] [49] [50] .
We model such a complex mechanism assuming that the ATP-hydrolysis can be described as an effective timedependent force, i.e. a self-propulsion occurring on the monomer of the chain captured by the motor. In other terms, the self-propulsion is locally activated on the monomer which enters the motor-region, while the remaining chain undergoes passive motion. This paper is organized as follows. In Sec. II, we introduce the model describing the polymer in the presence of a local active force, activated only on the last monomer, while, in Sec. III, we present numerical results in the absence of any external mechanism or molecular motor. We focus, from one hand, on the study of the end-toend distance and, from the other hand, on the structural microscopic properties of the polymer, unveiling the effect of the local active force. In Sec. IV, we introduce the model for the narrow pore and the molecular motor and study the translocation of a polymer, reproducing the time step-wise behavior observed in experiments. Finally, we summarize the results and discuss some future perspectives in the conclusive Section.
II. A FREE POLYMER WITH AN ACTIVE HEAD
To model a complex elongated structure, such as proteins or biological filaments, we employ a variant of the Rouse-chain [51] , assuming that each monomer has the same structure and composition. Each monomer is only connected to the nearest neighbors by springs of strength k and rest length σ > 0. Since we neglect the steric interactions among non-consecutive beads the polymer is fully described by the simple potential:
and its dynamics is ruled by N coupled Langevin equations for the positions and velocities of each monomer, r i , and v i , respectively:
where τ 0 is the inertial relaxation time of each monomer. ξ i is a white noise vector whose uncorrelated components have zero averages and unit variances, while D t is the diffusion coefficient due to the solvent. The last term, δ i,N f a , represents the active force, due, for instance, to ATP-hydrolysis or other chemical reactions occurring at a catalytic site. Since we assume that the reaction takes place on one terminal only, we denote such a monomer as "catalytic head". To describe the fluctuations of the active force, we employ the Ornstein Unlembeck process (AOUP model)
being η a white noise vector with zero averages and unit variances. The two-time activity-activity correlation of f a decays exponentially, with a correlation time, τ , that roughly determines the time-window after which the active force completely resets its value. We remark that the AOUP model constitutes a simplification of the Active Brownian Particle model (ABP) [52] [53] [54] [55] which is known to explain the well-known phenomenology of spherical self-propelled particles [41, 56, 57] . The connection between AOUP and ABP has been shown by several authors [58, 59] . In Eq.(3), the parameter D a /τ has a particular relevance because it sets the strength of the self-propulsion. In other terms, a single particle performs a persistent motion in the direction of f a for a time t < τ , while for t > τ a diffusive-like behavior of a passive Brownian particle with a certain effective temperature is recovered. When τ is the smallest time in the system, the active force can be simply recast into a Brownian motion f a ≈ √ 2D a η, being f a the faster degree of freedom whose time-derivative could be set to zero. We expect that in such a case the head does not display any persistence and the role of the active force leads just to the increase of the effective diffusion. In addition, in order to enhance the effect of the self-propulsion, we focus on a regime where the velocity of the monomers relaxes faster than f a , meaning that the inertial time τ 0 is smaller than τ .
The dynamics of the polymer center of mass, r c = i r i and v c = i v i , could be simply obtained by summing up Eqs.(2) for all the monomers:
being ξ a new white noise vector whose uncorrelated components have unit variance and zero average. The center of mass behaves as a free active particle, where the amplitude of the effective bath scales as 1/ √ N and the active force is decreased by a factor N . The linearity of Eq.(4a) and Eq.(4b) allows us to find the joint probability distribution function of the velocity and the active force of the center of mass:
where G(f a ) is a Gaussian function centered in zero and the coefficients β ef f , C both depend on τ , τ 0 , D a and D t , see Appendix B. This analysis shows that, given an f a , v c assumes a typical average value v c ∝ f a , thus in a time window smaller than τ , the polymer is driven by the active force whose value is extracted by a Gaussian distribution.
The possibility of the active force to drag the polymer can be easily estimated by comparing the rescaled variance of f a with the variance of the thermal bath, in Eq.(4b). The active force on the head to be effective needs to overwhelm the thermal agitation of the passive polymer, thus
This condition follows from the study of the mean square displacement of the center of mass, MSD(t), reported in Appendix B, which reads:
The active force affects the long-time diffusion if D a /N D t /τ 2 0 and is irrelevant also for small times if the condition D a /τ /N 2 D t /N/τ 2 0 holds. Throughout the rest of the manuscript, we assume that inequality holds and, thus, that f a is able to affect the dynamics of the center of mass.
III. EFFECT OF A LOCAL ACTIVE FORCE ON A FREE POLYMER
Understanding the polymer dynamics beyond Eqs.(4a,4b) requires numerical integration of Eqs. (2) . To simulate the dynamics, we employ a stochastic Leapfrog algorithm [60] and focus on some typical observables able to unveil the interplay between the active force and the polymer deformations. Varying τ , we explore both the small and the long persistent regime at large values of D a /τ . At small values of τ the polymer behaves as a passive object with a random-coil structure dominated by thermal fluctuations. At moderate τ , our study reveals the coexistence of a random-coil phase with an elongated phase induced by the active force. At high τ only the ensemble of elongated structures survives.
To characterize the "global" effect of a local active force on the polymer dynamics we monitor the distribution of the end-to-end distance focusing on its moments. Then we explore the "local" effect by quantifying the degree of the stretching produced along the chain by the active force of the head. Finally, we focus on the velocity of the head, revealing a non-convex behavior of its variance with the increase of persistence time.
A. Macroscopic properties of the head-active polymer
In Fig.1 , we plot three snapshots of the conformations of a polymer with N = 30 monomers at different values of τ . Each panel corresponds to D a /τ = 10 2 , at which the polymer center of mass is transported by the active force. In panel (a), when τ is small, the polymer behaves as a passive system, being f a ≈ √ 2D a η. In this case, indeed, the active force only superimposes an additional Brownian motion to the dynamics of the head. Therefore, the polymer swells, revealing the well-known coiled structure, which resembles the one of a passive Rousechain polymer [51] . Increasing τ , the head starts to pull some of the monomers which follow it along the direction pointed by the active force and an elongated portion of the chain coexists with the remaining coiled portion. In Figure 1 . Conformations for three different values of τ = 5 × 10 −1 , 5 × 10, 5 × 10 4 , from the left to the right. Each monomer is represented as a sphere centered in ri and the grey links among beads are just a guide for the eyes. The head of the polymer is the red monomer, whose active force is drawn as a red vector, while the passive monomers are colored blue. The remaining parameters are Da/τ = 10 2 , σ = 5, k = 10, T = 1 and τ0 = 0.1.
this case, the head has enough time to carry the center of mass and the polymer displays a persistence dynamics in one direction which is slowed down by the "passive" globule. A further increase of τ , panel (c), leads the polymer to be fully elongated in a rod-like conformation which is carried by the active head. The dynamics of the polymer reveals a time-persistence along the random direction pointed by the active force, as in the case of a single active particle. When the head changes direction (roughly after time ∼ τ ) the rest of the monomers follows the head, curving with a typical time delay depending on the distance from the head.
To quantify the degree of elongation taken by the polymer, we consider the end-to-end distance
and its distribution
at different values of τ and for D a /τ = 10 2 . The endto-end distance, like the gyration radius, is an important observable in polymer physics, providing an estimate of polymer sizes. Its distribution is experimentally accessible by FRET spectroscopy [61, 62] . Moreover, the endto-end distance is involved in the mechanism of polymer looping and cyclization [63] . Panel (a) of Fig.2 plots the distribution from numerical simulation at fixed D a /τ = 10 2 , for different values of τ in the interval 0 ÷ 2 × 10 2 , corresponding to the range of small persistence. For comparison, we show also the passive case (D a = 0) that, in the limit N 1, is simply described by the Gaussian-like shape
where R 2 is the variance of the distribution. Expression (9) follows as a simple consequence of the central Starting from τ ≈ 5×10 2 strong non-Gaussian effects appear in the shape of P(R) and Eq. (9) is no longer a reasonable approximation. Specifically, the peak shifts towards larger values of R the longest tail occurs at small R and accordingly the skewness of the distribution changes sign. A further increase of τ narrows the distribution and makes it more peaked around R = (N − 1)σ, corresponding to the end-to-end distance of the entirely elongated chain. Interestingly, the main peak for τ > 10 3 occurs for R > (N − 1)σ indicating that the chain is not only elongated but also over-stretched. In this stretched regime, P(R) weakly depends on τ and its increasing produces very small changes in the distribution until a delta-like shape is achieved at very high τ . The persistence of the active force confers to the chain a certain spatial persistence starting from the active head. This suggests fitting the numerical distributions via the formula
that was derived for stiff polymers [64] . Where p is the effective persistence length of the chain and L is the maximal contour length that includes possible overstretching. The rather good fitting in all the regimes indicates that the local active force induces the polymer to behave as if it had a certain degree of stiffness. In the limit of small τ , Eq. (10) recovers the Gaussian-like behavior consistently with the globular shape of the polymer, while reproduces the shape of P(R), reported in Fig. 2 (b) , obtained for large τ . We use the observable R 2 as an indicator of the crossover from the compact to the elongated structure, qualitatively presented in Fig.1 . In particular, Fig 3 shows the monotonic increase of R 2 as a function of τ .
To attempt a theoretical prediction on R 2 , we make the approximation σ 0 in the potential (1) that transform the polymer into a Rouse-chain [51] .
The expression of R 2 obtained for the Rouse chain using the normal mode decomposition is (see appendix B),
where c(p) and G(p) are dimensionless coefficients depending only on the p-th mode and on N :
The last constant γ p has the dimension of an inverse time and reads:
Eq.(11) contains two contributions, the first one is entirely due to the thermal agitation of the solvent and is controlled by the ratio D t /k, while does not show an explicit dependence on the normal modes. The second one is due to the active force and is controlled by the ratio D a τ 0 /k/(1 + τ kτ τ 0 ). It is straightforward to see that in the limit τ → 0 the term D a τ 0 ∝ τ τ 0 plays the role of an effective temperature, in agreement with our previous discussion. In addition, in the equilibrium regime, for τ = 0, such a term vanishes being ∝ τ and the wellknown equilibrium result is recovered. In particular, being fixed the ratio D a /τ , in the small-τ limit, the active force gives only a contribution order O(τ ) to R 2 . We remark that the active term in Eq. (11) shows a nontrivial dependence on each mode. In Fig. 3 , we compare the R 2 from simulations (dots) computed for different values of τ with the prediction (11) rescaled by the factor σ 2 since the the Rouse chain turns to be more compact that the model (1) . Despite this approximation the prediction fairly agrees with data, both for small and large values of τ . The analysis of this section suggests that even a local active force on the terminal monomer could have important consequences on the dynamics of the entire polymer, making possible drastic global rearrangements of its conformations.
In the next Section, we investigate the role of the active force at a single monomer level, showing strong local distortions in the inter-monomer distances.
B. Local effects of the self-propulsion on polymer structures Fig. 4 (a) plots the average distance between consecutive monomers, d i = |r i+1 − r i | , as a function of the monomer index, to understand how the active force trasmits along the chain, for different values of τ .
In the regime of small active-force persistence, d i σ in analogy with passive polymers in solution. In this regime, the fluctuations of each position are weakly affected by the active force. When τ increases, the average distance between consecutive monomers is no longer constant because there is a transmission of the active-force from the head back to the tail. Therefore, the bonds near the head result stretched, d i ≥ σ, and the stretching degree decays to σ for the farther monomers.
A further increase of τ is responsible for a larger stretching of the chain till to obtain an almost linear profile
for τ 5 × 10 3 . Large active forces on the head overstretch the polymer and induce a bond deformation which increases with the distance from the head. In particular, we note that the average distance between the head and the first passive monomer can be estimated by
. Such a distance can be roughly obtained by replacing f a with its standard deviation, an assumption which is better justifiable as long as τ is large. In conclusion, we can say that the forcing effects of f a propagates backward from the N monomer along the chain establishing a gradient of bond deformation.
In Fig. 5 (a) , we study the modulus of the velocity probability distribution of the head, p(|v N |), showing two typical shapes for a small and a large value of τ . In both cases, the distributions are Gaussian-like:
with different variances, v 2 N , whose dependence on τ is plotted in Fig. 5 (b) . The Gaussianity is obvious in the regime of small τ , in particular when the active force can be roughly approximated by an additional Brownian motion. In this regime, a first growth of τ determines an enlargement of the variance of the distribution, as shown in panel(b). In particular, in this limiting case the variances are given by v 2 N = 3D t /τ 0 + 3D a τ 0 . We note also that keeping fixed D a /τ means that D a ∝ τ , which explains the linear growth with τ in Fig. 5 (b) , until a maximal value is reached. The expression 3D t /τ 0 + 3D a τ 0 fails for τ ≥ O(1) where the persistence of the motion prevents the interpretation of the active force as another source of diffusion. In this regime, the variance of the distribution decreases again, until a plateau v 2 N = 3D t /τ 0 is reached meaning that the active force does not affect the distribution of |v N |. This value of the plateau T is not so surprising since τ → ∞ corresponds to the limit of a constant driving force, which is not expected to influence the fluctuations of |v N |.
Such a study have revealed a non-monotonous behavior in the variance of the distribution (roughly its effective temperature) which is in agreement with the recent observation of [65] : even for an interacting system of spherical particles the increasing of τ , at first, induces the warming of the system but for further values of τ induces its cooling.
IV. A SIMPLIFIED MODEL OF MOLECULAR MOTOR BASED ON THE ACTIVE FORCE
Hereafter, we present a simplified model of a molecular motor able to capture the salient aspects of the process of unfolding and successive translocation by unfoldase via ATP hydrolisis [45] [46] [47] . The geometry of the pore and the structure of the molecular motor model is sketched in Figure 6 . The pore is modeled as a simple confining cylinder of lenght L, whose axis is parallel to the x-direction, as illustrated in part i) of Fig. 6 (b) . The lateral walls of the pore are obtained using a parabolic potential, U p :
where k tube is the stiffness of the confining walls. Panel (c) of Fig. 6 shows the shape of U p along a crosssection of the pore in the plane yz. The particular choice of U p does not change the translocation mechanism and more realistic shapes of the pore are consistent with the phenomenology which we are going to present. A soft-wall placed at the entry of the pore, specifically at x = −( + L), for coordinates x 2 + y 2 > ρ, is added to mimic the presence of a membrane hosting the pore, see part i) of Fig. 6 (b) . ρ is a typical distance choosen in such a way that ρ = 0.5 σ to avoid the simultanous entry of more than one monomer, as in the experiments. The axis of the pore, i.e. the x-direction, is potential-free until to x = −l, where the motor-region starts. Part iii) of Fig. 6 (b) is a schematic representation of the molecular motor, realized though a potential barrier, which hinders the translocation. As shown in Fig. 6 (d) , its shape is obtained by joining two truncated harmonic potentials as follows
where is the typical lenght of the motor and H the height of the potential barrier. H has to be choosen at least 10k B T to prevent the polymer crossing the barrier only by the thermal fluctuations.
Since molecular motors generate the mechanical work from the energy of ATP hydrolysis, we model this mechanism through an active force located in the region where this reaction takes place, Fig. 6 (d) . Unlike the previous Section, where the active force, f a was a property of the polymer head, now the force is localized in a space region where the motor is placed and it acts only on each passing monomer. This mechanism, in our mind, simulates in a simple way the effect or a molecular motor in the experimental setup of [47] . As in Sec. II, the active force f a i evolves with the AOUP dynamics, given by Eq. (3) . The equation of motion of the potential-free polymer, Eq. (2), needs to take into account the pore-polymer interaction and the terms of the motor effects, including the local active force in the region (− , ). Taking into account each component of the motor, the polymer dynamics is ruled by the following stochastic differential equation:
being x i the x-component of the vector r i , while U is given by Eq. (1) . The function Θ(·) is the Heaviside-step function, used to select a spatial interval. Motivated by experimental observations, we choose 2 < σ, so that the motor acts on one monomer at a time. A monomer of the chain becomes "active" when enters the region x > − , i.e. when its motion is affected by the local active force. At this stage, the monomer is able to cross the barrier U m with a mechanism similar to the one discussed in [66] : the repulsive barrier Eq. (17) induces a negative mobility in the dynamics of the monomer in (− , ). This negative mobility induces an exponential growth of its velocity [66] . This mechanism is arrested only at the exit of the motor, x > , where the active force is suppressed and the friction determines a fast decrease of the velocity. This is predominant with [47] translocating protein alpha-Hemolysin channel inserted in a phospholipid bilayer AAA+ unfoldase acting a motor which through ATP-Hydrolysis is able to produce enough work to unfold and translocate a thioredoxin protein (courtesy of Akeson and Nivala [47] ). Panel (b): schematic cartoon of the system geometry: i) repulsive plane, ii) pore, iii) simplified molecular motor. Panel (c) shows the parabolic potential along a cross-section of the pore in the plane y-z as indicated in the figure, where dotted circle refers to such a section. Panel (d) refers to the molecular motor mechanism. The barrier potential along the x axis, described by Eq. (17) , is shown. The green region denotes the active region where the ATP hydrolysis occurs, while the dotted red lines are just eye-guides. We also show the comparison between the amplitude of the thermal and the height of the potential barrier, H. The parameters of the pore-motor setup are chosen as follows: l = 1.5, L = 50, H = 30 and k tube = 10. In addition, the parameters of the polymer are chosen as in the potential-free section, i.e. σ = 5, k = 10, τ = 50, Da/τ = 10 2 , m = 1, τ0 = 0.1 and Dt = 0.1. Panels (e)-(g), are three Snapshot configurations obtained from simulations at different times displaying the translocation from the left to the right due to the action of the motor. There, the orange tube is a representation of the pore while the blue area at its end is nothing but the motor. respect to thermal fluctuations and allows the pulling of the rest of the chain towards positive x against the entropy resistance due to the thermal agitation of the passive monomers.
A. Polymer translocation induced by activity-based motor
The model largely discussed in this Section, reproduces qualitatively the experimental translocation studied in Refs. [45, 47] . The initial configurations of the polymer are chosen as in Fig. 6 (e) , where the head-monomer is placed at x = −l, in the proximity of the motor region to facilitate the capture stage by the motor and the other monomers satisfy the constraints set by the pore and wall geometry. Panels (f) and (g) of Fig. 6 show the polymer translocation operated by the motor at an intermediate and at a final stage, showing its occurrence in the absence of a constant driving force pushing towards the exit of the pore.
To monitor the translocation dynamics we define the indicator
where X i is the position of the i-th residue along the translocation axis, x. N cis counts the number of residues that lay outside the pore on the left side (Cis-side in the biological language). Fig. 7 (a) displays the time behaviour of N cis for different realizations from the same initial condition but different realizations of the noise. The plots N cis vs. time provide information about the pulling action of the motor, at the beginning N cis (0) = N number of monomers of the chain, at the end of translocation N cis = 0 all monomers have translocated. It is worthwhile to note that N t reproduces the stepwise behavior as a function of time similar to that observed in [45, 46] : a typical dwell-time occurs between the translocation of two successive monomers. This stepwise dynamics is due to the alternance of two regimes: i) a very fast quasi-deterministic motion towards the exit of the pore, which is induced by the active force generated by the motor;
ii) a slow motion before a monomer reaches the active region, which is hindered by entropic forces and only determined by thermal fluctuations.
The regime i) is the only responsible for the translocation process, while the regime ii) roughly determines the dwell-time between the translocation of two consecutive monomers.
B. unfolding mechanism
In experiments [45] [46] [47] , the motor is able to unfold and translocate real proteins with well-defined compact structures which opposes much more resistance to the passage in narrow pores than the structureless polymer so far analyzed. To be closer to this protein-like condition, we consider weak attractive long-range interactions (referred to as contacts) between selected pairs of nonconsecutive far monomers to induce a certain degree of compactness in the chain. We added generic long-range harmonic interactions with a cutoff
with K c = k/20. If r ij > 2σ the contact is considered broken, i.e. when the polymer is elongated. We select five pairs, for the sake of simplicity, which are specified in the caption of Fig. 7 .
The translocation of a globular structure across narrow pores requires full or partial unfolding and, thus, is more complex [47, 67, 68] than the translocation of a structureless polymer. In the more compact case, the entropic forces, opposing to the passage, are re-enforced by the presence of long-range bonds which need to be broken in order to achieve full translocations. In other terms, the protein translocation across narrow pores is affected by the coupling between unfolding and transport resulting in an irregular process that randomly alternates stalled and running states [69] [70] [71] [72] .
In Fig. 7 (b) , we plot the typical trajectories of N cis for the more compact polymer (i.e. with contacts). Stalled states are identified with the longer plateaus which, in turn, coincide with the dashed lines marking the passage of the second monomer which forms the contact in each pair. The correspondence between the plateaus of N cis and the contacts is explained by the fact that when the monomer j forming a contact with monomer i arrives at the pore entrance, its passage becomes difficult as it involves also the motion of a distal region of the chain around i. Thus, the passage of j takes larger times with respect to the translocation of contactless monomers. Of course, this hinderance happens as long as the contact is not broken.
V. CONCLUSIONS
In this work, we studied the transport of a Rouselike polymer by a local active force. At first, we analyzed the motion of a free polymer with an active head to characterize the effects of the activity on the chain conformations. In particular, upon increasing the force persistence, we observed a transition from globular to open conformations, revealing the presence of a regime where random-coil and partially elongated conformations coexist. This transition is well-described by the shape of the end-to-end distance distribution, in particular by its second moment, whose numerical analysis is supported by theoretical predictions employing suitable approximations. Moreover, we studied the local properties of the chain focusing on the bond stretching. We find that the active force acting on the head induces a gradient of bond deformation in regimes of strong persistence, deeply affecting the "microscopic" structural properties of the chain. This preliminary study showed the possibility of an effective transport of polymers by an active head and suggested to implement a mechanism for importing proteins into nanopores based on local active forces to simulate the translocation of chains powered by molecular motors, such as translocation operated by the ClpXP [73] . In this context, the local active force mimics the release of energy due to the ATP-hydrolysis used by the molecular machine. Our model of the molecular motor is based on the presence of a local self-propulsion force in the motor region. Our mechanism reproduces the typical step-wise translocation of a protein observed in the experiments [45] [46] [47] .
The pulling action of the motor is based on the ratchet effect coming from the interplay between self-propulsion and non-symmetric potentials [74] [75] [76] [77] . Since the net motion produced by our implementation of a molecular motor is independent of the microscopic properties of the chain, we expect that the mechanism works also for the translocation of protein-like structures.
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Appendix A: Velocity distribution of the center of mass
The stochastic dynamics for the center of mass, Eqs. (4) , is equivalent to the following partial differential equation for the probability distribution f (x c , v c , f a , t):
where ∇ and ∇ 2 represent the gradient and the Laplacian operator, respectively, calculated respect to the vector variable indicated near the symbol. These equation is diffusive in space, but admits a steady-state joint distribution of velocity and self-propulsion, namely p(v c , f a ). The linearity of the process implies that p(v c , f a ) is a multivariate Gaussian, which reads:
where the coefficients reads:
, being Γ = 1 + τ /τ 0 and ∆ = D t N/(τ 2 0 D a ). Rouse model, whose potential energy is Eq.(1) with σ = 0, can be analytically solved by a decompositions in Rouse-modes r n (t) = X 0 (t) + 2
where each mode, given by
is independent of the others and evolves according to
with F p and A p the mode components of the Brownian and active force respectively. Instead, γ p is given by
being k and τ 0 the stiffness of the chain and the relaxation time of the solvent, respectively.
The center of mass
The center of mass, corresponding to the mode p = 0, and given by Therefore, its mean square displacement (MSD) of the center of mass behaves as
The two-time correlations involved are given by
where d is the dimension of the system, which is set to d = 3 for consistency with the numerical study of the main text. Thus, Eq. In particular, performing the integrals, we get the time-dependent expression for the MSD:
Expanding in power of t/τ we can estimate the relevance of the active force for small time. In particular, we get
Comparing the amplitudes of the two terms, we have a necessary condition to establish the relevance of the active force for the center of mass of the polymers.
End-to-End Distance
Adopting a similar strategy, we can compute the end-to-end distance, R(t) = r N − r 1 , of the Rouse Polymer, which reads:
This equation can be written formally as the series
where G(p) = −4 sin pπ 2 sin pπ 2N (N − 1) .
Therefore, its variance can be expressed in terms of the correlations of the modes
where X p (t) · X q (t) can be obtained by using Eq.(B2):
X p (t) · X q (t) = e −(γp+γq)t X p (0) · X q (0) + To get the final expression for X p (t) · X q (t) , we need to compute the following integral Substituting into Eq.(B4), we obtain after integration the explicit expression for the average end-to-end distance:
where we defined the two constant
In the stationary state, for t → ∞, we obtain the mean square end-to-end distance, i.e. the second moment of P(R):
The symmetry in p, q implies that the expression can be recast into
It can be shown that for a Rouse-Chain the following sum-rules hold true
Thus, the final expression for the mean square end-to-end distance reads 
